Balancing selection may result in trans-specific polymorphism: the maintenance of allelic classes that transcend species boundaries by virtue of being more ancient than the species themselves. At the selected site, gene genealogies are expected not to reflect the species tree. Because of linkage, the same will be true for part of the surrounding chromosomal region. Here we obtain various approximations for the distribution of the length of this region and discuss the practical implications of our results. Our main finding is that the trans-specific region surrounding a single-locus balanced polymorphism is expected to be quite short, probably too short to be readily detectable. Thus lack of obvious trans-specific polymorphism should not be taken as evidence against balancing selection. When trans-specific polymorphism is obvious, on the other hand, it may be reasonable to argue that selection must be acting on multiple sites or that recombination is suppressed in the surrounding region.
M
OST species appear to be monophyletic for most ples include the primate ABO blood group system (Saitou and Yamamoto 1997) and red/green color vision of their genomes. That is, most sites in most polymorphism in New World monkeys and lemurs genomes have the property that, with respect to that site, Tan and Li 1999) . In these cases, all homologous chromosomes in one species are more are the functionally similar alleles in different species closely related to each other than they are to any homolexamples of trans-specific polymorphism, or are they due ogous chromosome from another species. This behavior to convergent evolution? The purpose of this article is to is expected from standard population genetics theory, develop a modeling framework that allows us to address as long as the species became reproductively isolated these questions. We focus in particular on our ability sufficiently long ago (see, for example, Hudson and to detect trans-specific polymorphism when it exists and Coyne 2002; Rosenberg 2002). However, exceptions how this is determined by the length of the chromoare expected when balancing selection has maintained somal region that is affected by the presence of a transtwo or more alleles since the time of speciation. When specific polymorphism. this occurs, an allele sampled from a particular species Throughout, we discuss relatedness in the genealogimay well be more closely related to members of the cal sense, i.e., with reference to "descent" rather than same functional allelic class in related species than to to allelic "state." Thus, when we say that two homologous members of different allelic classes in the same species.
copies of a site (or locus or nonrecombining sequence) This is referred to as trans-specific polymorphism (Klein are more closely related to each other than to a third 1980). copy, we mean that the most recent common ancestor A few clear cases of trans-specific polymorphism have (MRCA) of these two is more recent than the MRCA been found, in particular, in the MHC (e.g., Figueroa et of either of them and the third copy. This does not al. 1988) and plant self-incompatibility loci (e.g., Ioerger necessarily mean that the two copies are more similar et al. 1990) . At the same time, studies of sequence varito each other than either is to the third copy (although ability in several genes that might a priori be considered if they are not, we would typically not be able to infer good candidates for trans-specific polymorphism have the true relationship). failed to find strong evidence for this hypothesis. Exam-in units of the effective number of homologous chromoThe probability that the MRCA of the sample predates speciation is e Ϫ . Let T be the time until the MRCA for somes in each of the current populations. We consider both selective neutrality and various forms of balancing two genes, and note that under our model, E[T] ϭ 1 for two genes sampled from the same species, whereas selection.
We consider the following questions for samples of E[T] ϭ ϩ 1 for two genes sampled from different species. Since the average number of pairwise differhomologous sequence taken from the two species: ences between sequences is proportional to pairwise What is the probability that the genealogy of a particular coalescence times under neutrality, an estimate of site does not reflect the species tree, i.e., that the samples can be obtained as the ratio of the average number of from the two species are not both monophyletic? We pairwise differences between and within species, Ϫ1. refer to sites with this property as trans-specific.
For example, if, on average, humans and chimps are at Given that a particular site (or sites) is (or are) transmost 99% identical, and humans and humans are at specific, what is the probability that a linked site is also least 99.9% identical, then Ն 10 Ϫ2 /10 Ϫ3 -1 ϭ 9. Let trans-specific?
us say ϭ 8 to be on the safe side. Then the probability Given that a particular site (or sites) is (or are) transthat the MRCA of a sample from humans predates specispecific, what is the distribution of the length of the ation from chimps would be e Ϫ8 ϭ 3.3 ϫ 10 Ϫ4 (and chromosomal region for which this remains true?
probably much smaller). This is a small number, but the genome is large. If there are G sites in the genome, then we expect Ge Ϫ
PROBABILITY OF TRANS-SPECIFICITY
to have MRCAs that predate speciation. If we consider the whole population rather than just two copies of the Consider a sample of n 1 homologous copies of a site from species 1 and n 2 from species 2. The number of genome, the expected number of sites with MRCAs that predate speciation increases about threefold: the time ancestral lineages decreases back in time according to a death process. The probability of trans-specificity may until there are two ancestral lineages is ‫,1ف‬ so the expected number of sites is ‫ف‬ Ge
For the be calculated by first conditioning on the number of surviving lineages in each species at the time of speciaranges of we are interested in, qualitative conclusions are unaffected by sample size. For simplicity, we theretion, , and then calculating the probability that these lineages coalesce in the ancestral species in a transfore discuss mainly samples of size two throughout this article. specific manner. Assuming neutrality, the numbers of surviving lineages in each species at are independent, The probability of trans-specificity for a site depends on whether the site is polymorphic or not. The calculaidentically distributed random variables whose distribution is given by Tavaré (1984) , and the conditional tions above assumed no knowledge of allelic state. What is the probability that T Ͼ for a polymorphic locus A, probability of trans-specificity can be found using the results of Saunders et al. (1984) . The expression for the i.e., for a sample of two different alleles? We consider the process that keeps track of the number of ancestral total probability can easily be evaluated numerically: see Nordborg (2001), for example. Numerous treatments lineages in each of the two allelic classes. Denote the state of the process at time t by X t ϭ (i, j), where i is of the probability of trans-specificity exist (e.g., Pamilo and Nei 1988; Takahata 1989; Hey 1994 ; Hudson and the number of lineages in the first allelic class, and j is the number of lineages in the second allelic class. The Coyne 2002; Rosenberg 2002); our main purpose here is to introduce the basic concepts and to enable comparprobability we seek is isons with later results. P ϭ ‫(ސ‬X {(1, 0), (0, 1)}|X 0 ϭ (1, 1)), Trans-specificity is impossible unless there are at least three ancestral lineages at the time of speciation. If there which we write as P ϭ Q /Q 0 , with are two lineages in one species and one in the other, then the probability of trans-specificity is 2/3 (trans-specificity Q ϭ ‫(ސ‬X {(1, 0), (0, 1)},X 0 ϭ (1, 1)). is avoided if and only if the two lineages from the same We consider two cases: unidirectional mutation and bispecies coalesce with each other; this happens in one directional mutation. For the case of unidirectional muout of three equally likely topologies). The probability tation, assume that allele A 1 mutates into A 2 at rate /2 of trans-specificity is higher if there are more than three and that further mutation in A 2 does not change the ancestral lineages. Thus the probability of trans-specificallelic state (we think of A 2 as a loss-of-function allele: ity is at least 2/3 given that there are at least three this case is motivated by the observation that many examlineages at the time of speciation. The probability that ples of balancing selection appear to involve such mutathere are at least three lineages at the time of speciation, tions). Using standard population genetics theory (Hudon the other hand, decreases sharply with and can be son 1990), we find vanishingly small. The probability of trans-specificity is thus mainly determined by this latter probability.
To put this into context, consider a sample of size two.
we need to know something about its chromosomal extent. This is the topic of the following sections.
, What is the probability that a locus is trans-specific given that it is linked to a locus that is trans-specific? so that Let the recombination rate between the two loci be / 2, where ϭ 4Nr, N is the effective population size, and r is the recombination fraction, and consider a sample
of size two. The site is trans-specific if no recombination occurs before coalescence at the other site. The probaFor the case of bidirectional mutation, assume that bility of this is alleles A 1 and A 2 mutate back and forth at rate /2. Here we find
If, as suggested above, Ϸ 8 for humans and chimps, and per site is 5 ϫ 10
, Pritchard and Przeworski 2001; Innan et al. 2003) , then the probability is Ͼ60% for sites separated by 100 Q 0 ϭ 1 ϩ 2 , bp, but it decreases rapidly to 1% for 1 kb. Linkage to a trans-specific site increases the probability of transspecificity for tighly linked sites dramatically, but we and should not expect large chromosomal regions to be trans-specific (at least not due to linkage).
The probability just derived is an underestimate: the focal site can of course be trans-specific without being These results make intuitive sense: for small , P Ϸ identical by descent (with respect to recombination) (1 ϩ )e Ϫ in both cases. The probability of trans-specito the conditional one. Most importantly, whereas two ficity conditional on polymorphism is higher than the lineages linked to a trans-specific site cannot coalesce unconditional probability because the fact that a (rare) before without at least one recombination, a single mutation must have occurred automatically pushes the recombination does not allow them to coalesce unless time to the MRCA further back in time. For large , it occurs between descendants of different trans-specific P Ϸ 0 with unidirectional mutation and P Ϸ e Ϫ with lineages ("moving" the two lineages into the same transbidirectional mutation. In the former case, the MRCA specific lineage). The probability of this depends on must be recent or all A 1 would have mutated to A 2 , the frequency of descendants of each trans-specific linwhereas in the latter case, mutations occur so frequently eage in every generation back to . that the allelic states tell us nothing about the age of To take this into account, we consider the model the MRCA. of balancing selection first described by Hudson and The main conclusion from the above discussion, howKaplan (1988) and extended by Nordborg and Innan ever, is that no matter which model is used, the probabil- (2003) . Imagine that some form of strong balancing ity of trans-specificity under neutrality is always very low selection maintains two alleles, A 1 and A 2 , at a locus. for large (for recent attempts to estimate it directly, see Selection is strong enough to maintain the alleles at Chen and Li 2001; O'hUigin et al. 2002) . In contrast, if frequencies x and 1 Ϫ x, respectively. The recombinasome form of balancing selection is acting, trans-specition rate between the locus under selection and the ficity becomes highly probable. Selected alleles will of locus of interest is /2, as before. Depending on the course also be lost through genetic drift, but this occurs allelic state at the former locus, each haplotype belongs over entirely different timescales (Takahata 1990 ; Vekto one of two allelic classes. The state of a sample of emans and Slatkin 1994), and it is easy to imagine size two from the focal locus can be described by (z 1 , strengths of selection that make loss of polymorphism z 2 ), where z i denotes the number of lineages belonging during speciation unlikely even if one believes that speto the A i allelic class. The ancestry of the sample can ciation is accompanied by genetic bottlenecks (Vincek be described by the Markov process z ϭ (z 1 , z 2 ) with et al. 1997). Trans-specificity may therefore, in and of states (1, 1), (2, 0), (0, 2), (1, 0), (0, 1). Let i ϭ 1, 2, itself, be viewed as evidence for a history of balancing 3, 4, 5 refer to these states in the order given. The rate selection. But how do we detect trans-specificity? To consider the traces of trans-specificity in sequence data,
Returning to our human-chimp example, and assuming x ϭ 1 ⁄ 2 , we find that Equations 2-4 give probabilities of trans-specificity of 69, 69, and 67%, respectively, for sites separated by 100 bp; and 6, 2, and 2%, respectively,
for sites separated by 1 kb. As predicted, Equation 1 underestimates the probability of trans-specificity; however, the results are qualitatively similar. It can be shown that the probability is increased further when x ϶ 1 ⁄ 2 : with diagonal elements given by q ii ϭ Ϫ͚ j q i j . The states intuitively, this is because the probability of recombina-(1, 0) and (0, 1) are absorbing, and the process starts tion between the allelic classes is maximized when allele in (1, 1).
frequencies are even. With x ϭ 0.01, Equation 3 gives Probability of trans-specificity: We are interested in 70 and 4%, respectively, in the above two cases. P (, x), the probability that two lineages that start in Length of trans-specificity: Let L (, x) be the length (1, 1) are still distinct at the time of speciation. An exact of the region on one side of the site under selection solution can be found using standard methods. For where two haplotypes from different allelic classes still x ϭ 1 ⁄ 2 we find have distinct lineages at time . L (, x) is possibly the total length of a number of disjoint intervals. We have
From this, and by considering the properties of P , it follows that for arbitrary 0 Ͻ where
The solution for general x is highly intractable, but it can be shown that lim
ment with Equation 2 and with our intuition for unlinked loci.
Several approximations are possible for Ϸ 0. We lim
consider two: the first is the best one we found; the second, the simplest. lim
Approximation 1: The first approximation is obtained by modifying the rate matrix Q so that the recombinaand tion rate is set to zero once the process has left (1, 1). lim
This prevents the process from reentering (1, 1), which simplifies calculations considerably. It is readily verified that this modified process corresponds to the original These equations are useful for evaluating approximaone in the limit x → 0 or x → 1, so the approximation tions to ‫[ޅ‬L (, x)], the exact value of which is not is exact for these cases. Using the modified matrix, we known for any x. The two approximations introduced find above can be applied, however.
where P (u, x) is given by Equation 3, but the expectaApproximation 2: Assume that the lineages stay distinct tion cannot be obtained analytically. We refer to this if and only if no recombination occurs. This yields expectation as
which should be compared to Equation 1. lim (1Ϫx) . Equations 2-4 give the probability that two lineages linked to different alleles in a balanced polymorphism Note that Equation 5 holds if x Ϸ 0 or x Ϸ 1. stay distinct until speciation. If this happens, trans-speciApproximation 2: L (, x) is approximately exponential ficity is highly probable for the range of parameters in with intensity , Exp(), truncated at , and the expectawhich we are interested ( Ϸ 0, ӷ 1): one of the two tion is lineages is likely to coalesce with lineages within the same allelic class from the other species long before a
1 Ϫ e Ϫ , recombination event occurs. Equations 2-4 can thus be seen as approximations of the same probability as Equation 1.
where P (u, x) is given by Equation 4. Equations 6-8 that is too small to contain the entire trans-specific segment, but this hardly explains the difference between 1: this is due to the former region being too small to Approximation 3: A third approximation comes from contain the trans-specific region with sufficiently high the expected coalescence time for a linked locus. As is probability. discussed further below, this is ‫1ف‬ ϩ 1/ if is large.
Simulation results: The process described here can Solving ϭ 1 ϩ 1/‫[ޅ‬L (, x)] gives the estimate ‫ޅ‬ 3 [L (, be simulated, for example, using the algorithm dex)] ϭ 1/( Ϫ 1), which should be truncated at if scribed by Nordborg and Innan (2003) . One simply greater than .
simulates two independent realizations of balancing se- Table 1 shows how these approximations perform for lection for time and then merges the states of the a range of parameters. It can be seen that ‫[ޅ‬L (, x)] Ͼ two processes and continues the simulation until all
)] (this can be proved for all r fragments have reached their MRCA. and x). ‫ޅ‬ 3 [L (, x)] works surprisingly well as long as Ͼ
We used simulations to investigate how well our ana-1/( Ϫ 1). The approximations can be extended to lytical results concerning ‫[ޅ‬L (, x)] predict the actual handle both sides of the balanced polymorphism simply length of trans-specificity. Recall that L (, x) is the by assuming independence of recombination on each length of the region on one side of the site of selection side and multiplying by two.
where two haplotypes belonging to different allelic classes How should we interpret these results? Note that the in a single species still have distinct lineages at the time expected length decreases with in Table 1 . This is in of speciation, . To obtain the length that is trans-specific agreement with Equation 7 and is perfectly intuitive:
in samples, we have to consider L (, x) on both sides of larger means more time for recombination to decrease the polymorphism, L (, x) in each species, the probabilthe size of the trans-specific segment. However, we also ity that lineages distinct at speciation actually coalesce see that ‫[ޅ‬L (, x)] increases with , in particular for in a trans-specific manner, and samples Ͼ2. ϭ 5. This may seem paradoxical: if we imagine that By assuming that the lengths of either side are indethe recombination rate per base pair is constant, then pendent, noting that the lengths in different species are increasing simply corresponds to looking at a larger independent, and ignoring the final two issues (i.e., section of the genome. The length of the trans-specific we assume that lineages belonging to different allelic segment surrounding a balanced polymorphism should classes at speciation will almost always coalesce in a transnot depend on how large a section of the genome we specific manner and that samples Ͼ2 will have coalesced to 2 long before speciation for the parameters of interest look at (unless, of course, we are looking at a region sufficient to interpret such data. By studying individual realizations of the process, we can get some idea of how In summary, the four realizations shown in Figures 1  and 2 illustrate the enormous variability of the process and thus the danger of relying on expected values when here), we obtain the following approximation for the analyzing data. While the genealogy surrounding a transexpected length of trans-specificity in a region of length specific polymorphism is in general expected to be quite surrounding a balanced polymorphism in a pair of different from what is expected in the absence of balancspecies:
ing selection (Figure 3) , the variability between different
trans-specific cases is striking. Not only does the length and genealogical depth of the trans-specific region vary between realizations, but also it is the case that trans-spe- Table 2 illustrates the performance of this approximation for various parameter values and sample sizes. In cific regions may not be centered on, or even contain, the site under selection. Furthermore, peaks of polymorphism agreement with the argument just given, the expected length of trans-specificity increases only weakly with sammay sometimes occur within allelic classes in a single species. ple size. In general, the approximation is quite good, although it overestimates the length slightly. Whether Two selected loci: Our model can easily be extended to two or more selected sites, using the approach dethis is due to nonindependence between the two sides or due to some distinct lineages not coalescing in a scribed in Nordborg and Innan (2003) . This is of relevance because balancing selection may well act to maintrans-specific manner is not clear.
The pattern around a particular site: The results in tain complex alleles that are distinguished by more than a single functionally important mutation (the MHC is Table 2 are averages over thousands of realizations. While these results are helpful in understanding the behavior a case in point). While it is perfectly possible under this model to obtain analytical results analogous to those of the process, data are likely to come from a single locus or a small number of loci. Expected values are not presented for the single-locus model, they are too com- Figure 1 .-Summary of a single realization of the single-locus trans-specific balanced polymorphism. Five lineages were sampled in each allelic class in each species, for a total of 20. Each plot shows the time to MRCA for a subset of the sample. The selected locus was located in the center of the region. Mutation at this locus was symmetric at rate 0.01. Other parameters used were ϭ 5 (note that in this and subsequent figures, refers to the total length of the region containing the selected site or sites), x ϭ 0.5, and ϭ 8 (marked by a shaded line).
plicated to be useful except in very special cases. In single recombination event (e.g., for a site located between the selected loci sampled in A 1 B 1 and A 2 B 2 ), the particular, because coalescence between allelic classes in the two-locus model must often involve more than a simple approximations used above do not apply. Because of this, and also due to space limitations, we around each selected site. In addition, the variance in time to MRCA in the general region has clearly incontent ourselves with showing simulation results that illustrate the main points. Figure 4 shows a straightforcreased due to the very complex history of recombination among the four haplotypic classes. ward extension of the other examples to two loci. As we would expect, there are now regions of trans-specificity Figure 5 illustrates what happens when the sites are closer to each other. In this case, there are two sites in a 10-kb region, rather than one (as in the other cases). Note that there is a tendency for much of the region between the two loci to be trans-specific. Clearly, exten- The selected sites were located one-third and two-thirds of the distance from the left side of the plot, respectively (i.e., at Ϯ3.33 kb). The frequencies of all four haplotypic classes were taken to be the same, 0.25, and ϭ 10 for the region. Two lineages were sampled in each of the four classes, Figure 5 .-Another realization of the model used in Figure  4 , but with ϭ 5. Again, all regions with a MRCA older than for a total of eight lineages per species. In this plot, all regions with a MRCA older than speciation were trans-specific.
speciation were trans-specific. means increased probability of repeat mutation, i.e., more noise from the point of view of phylogenetic reThe probability that trans-specificity is apparent construction.
using phylogenetic methods
The region used in our study was too small to explore the effects of using different window sizes when search-ϭ ing for trans-specificity. This will clearly influence power: We have described how the structured ancestral recombination graph (Nordborg and Innan 2003) can Power was estimated using 1000 replicates for each paramebe used to model trans-specific polymorphism. We show ter combination. The selected polymorphism was located in that trans-specific balancing selection will lead to a disthe center of the region, and mutation between allelic classes occurred with symmetric rate 0.01. Other parameters used tinctive (and highly complex) local distortion in the were x ϭ 0.5, ϭ 8, and n ϭ 4 (cf. Table 2 ). Neutral mutations genealogical graph, but that the extent of the region were added according to a simple Jukes-Cantor substitution affected is expected to be quite small. The main implicamodel (Jukes and Cantor 1969) using a method similar to tion of these results is that we should not necessarily the one used by Schierup and Hein (2000) . The simulated expect to be able to detect trans-specific polymorphism region was assumed to correspond to 1 kb, but in the "finite synonymous site" model, only one-third of all sites were alby simply applying phylogenetic tree-building algolowed to vary. Mutations were added according to the rates rithms to genes or parts of genes: the trans-specific rein the table, but data sets with less than three segregating gion may be too small. To the problem of the size of sites were not used as they provide too little information for the region should be added that any region that is in phylogenetic methods. We used PHYLIP for phylogenetic refact trans-specific is likely to have a very distant MRCA construction. Each data set was run through seqboot (to generate 1000 bootstrap data sets), dnadist, neighbor, and finally indeed. The time axis in the figures used in this article consense to generate a consensus tree. If the final tree showed was cut off at 25 to show detail: in most cases, the time a trans-specific topology with a bootstrap support of Ͼ70% to the MRCA for the trans-specific region was several for the terminal branches, the data set was said to support hundred. With such distances, repeated mutation events trans-specificity. may start to interfere with the phylogenetic signal by causing homoplasy. It should also be noted that gene sive trans-specificity is expected in a region where multiconversion may well make the affected region even ple closely linked sites are subject to balancing selection.
smaller (Andolfatto and Nordborg 1998; Wiuf and It should be noted that this in no way relies on epistatic Hein 2000). Finally, it cannot be emphasized enough interaction between the selected sites.
that the model of recombination used is simplistic and unlikely to be accurate for the short chromosomal distances that are relevant here (Nordborg 2000) . In terms DETECTING TRANS-SPECIFICITY of robustness of our predictions, uncertainty about the local recombination process is likely to be far more imporWe have shown the extent of trans-specificity around a trans-specific polymorphism maintained by balancing tant than uncertainty about speciation and selection. Nonetheless, the basic conclusion that regions of selection is likely to be quite small and therefore probably difficult to detect. To explore this further, we considered trans-specificity are likely to be quite short seems hard to avoid. Suitable data for testing our predictions are the power of simple phylogenetic methods to detect transspecific polymorphism. We simulated large numbers of available in primates, for the ABO system (Saitou and Yamamoto 1997) and for color vision genes (Shyue et data sets using the model above and then used a simple phylogenetic reconstruction method to determine what al. 1995 , 1998 . Table 4 shows our rough estimates of the extent of trans-specificity fraction of these data sets supported a trans-specific relationship.
surrounding putatively selected sites in these data. The extent of trans-specificity, if that is what it is, seems to Table 3 shows the results of this study. It is clear that power decreases rapidly with recombination, as would be at most a few hundred base pairs. In summary, we should not expect trans-specific balbe expected. It also decreases with increased mutation rate. This may seem counterintuitive given that more anced polymorphism to be easy to detect, at least not by looking simply for trans-specific regions. As a consepolymorphism should provide more information about the underlying genealogy. However, more mutation also quence, failure to detect such regions should not be
Hudson, R. R., 1990 Gene genealogies and the coalescent process, The position of the trans-specific site in each selected codon
